The predicted amino acid sequence of Bacillus subtilis yvdO exhibits similarity to that of the proteins belonging to the patatin family of lipolytic enzymes. In the present study, YvdO was overproduced in Escherichia coli and purified, and its enzymatic properties were determined. YvdO hydrolyzed p-nitrophenyl fatty acid esters. The enzyme was specific to middle-chain fatty acids, and its optimum pH was approximately 7.5. It maintained 86% of its initial activity after incubation for 30 min at 80 C, and its secondary structure was retained at up to 80 C. Free myristic acid was detected as the product of the reaction with YvdO and 1-myristoly-2-lyso-sn-glycero-3-phosphocholine, while YvdO did not hydrolyze 1,2-dimyristoly-sn-glycero-3-phosphocholine. These results suggest that YvdO is a novel thermostable lipolytic enzyme that has the ability to hydrolyze lysophospholipids.
Recently, lipid biosynthesis and metabolism have been suggested to relate to spore formation and germination in Bacillus subtilis. Kawai et al. found that spore membranes of B. subtilis Marburg showed significantly higher cardiolipin content than the membranes of exponentially growing cells. 7) Masayama et al. found that LipC, a protein component of the spore coat, is a member of a GDSL family of lipolytic enzymes, and that lipC mutant spores are defective in L-alaninestimulated spore germination. 8) Recently, we found that LipC has phospholipase B activity and suggested that LipC modifies outer membrane lipids during sporulation to improve the permeability of the germinants. 9) However, the details of lipid biosynthesis and metabolism during spore formation and germination remain unknown. In addition, identification and biochemical studies of lipid biosynthesizing and metabolizing enzymes have not been fully performed.
Proteomics analysis indicates that an protein, YvdO, whose amino acid sequence is homologous to the patatin family of lipolytic enzymes, is present in the B. subtilis dormant spores. 10) YvdO is known to be expressed during sporulation under the control of SigK/GerE and to be located in the spore coat, 11) but the enzymatic characteristics and function of YvdO remain to be studied. In the present study, we purified recombinant YvdO overproduced in Escherichia coli cells and characterized its enzymatic properties.
Materials and Methods
Materials. Restriction enzymes were purchased from Takara Shuzo (Kyoto, Japan). p-Nitrophenyl (pNP) esters were from Nacalai Tesque (Kyoto, Japan), Sigma (St. Louis, MO), and Wako Pure Chemicals (Osaka, Japan). His BindÔ Resin was from Novagen (Madison, WI). 1-Myristoyl-2-lyso-sn-glycero-3-phosphocholine was from NOF Corporation (Tokyo). 1,2-Dimyristoly-sn-glycero-3-phosphocholine was from Sigma.
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 . E. coli KRX (Promega) was used as host for the expression of the B. subtilis yvdO gene. E. coli transformants were grown at 37 C in Luria-Bertani (LB) broth containing 100 mg/ml ampicillin (final concentration).
Cloning and expression of the B. subtilis yvdO gene in E. coli. The B. subtilis yvdO gene was amplified by PCR using B. subtilis chromosomal DNA as template with the following primers: YvdOF (5 0 -TCTCATATGGCAAAATATCGGATTATGAC-3 0 , NdeI site underlined) and YvdOR (5 0 -CAGCTCGAGTTTGCTCCCCCAGTTC-TTCT-3 0 , XhoI site underlined). The resulting PCR product was digested with NdeI and XhoI and cloned between the same sites of pET22b(þ) (Novagen), yielding plasmid pE-YvdO. E. coli KRX cells transformed with pE-YvdO were cultivated in LB medium containing ampicillin. Expression of yvdO was induced by the addition of 0.1% w/v -L(þ)-rhamnose when the turbidity of culture at 660 nm reached 0.5. After further cultivation for 3 h at 37 C, the cells were harvested and stored at À20 C until they were used for enzyme purification.
Site-directed mutagenesis. To make the YvdO variant, plasmid coding for a YvdO single point mutant (S44A) was prepared from pE-YvdO with a Quick-Change mutagenesis kit (Stratagene) using following primers (S44AF 5 0 -TCGGGAAATGCAATCGGTTCATTT-ACTG-3 0 , S44AR 5 0 -TGAACCGATTGCATTTCCCGAAAATAC-3 0 ). The presence of the mutation and the fidelity of mutagenesis were confirmed by sequencing.
y To whom correspondence should be addressed. Fax: +81-568-51-6084; E-mail: moriyama@isc.chubu.ac.jp Abbreviations: DPA, dipicolinate; pNP-esters, p-nitrophenyl esters Purification of YvdO. The harvested transformant cells were suspended in 10 ml of 20 mM sodium phosphate buffer (pH 7.9) containing 0.5 M NaCl and 5 mM imidazole (buffer A), and disrupted by ultrasonication. After the cell debris was removed by centrifugation, the supernatant was applied to a column of His BindÔ Resin previously equilibrated with buffer A. After the column was washed with 20 mM sodium phosphate buffer (pH 7.9) containing 0.5 M NaCl and 20 mM imidazole, the enzyme was eluted with 20 mM sodium phosphate buffer (pH 7.9) containing 0.5 M NaCl and 0.5 M imidazole. The active fractions were dialyzed against 20 mM sodium phosphate buffer (pH 7.9) containing 0.5 M NaCl.
Enzyme and protein assays. Enzyme activity was measured with pNP esters with fatty-acid chain lengths of C2-C18. Stock solutions (50 mM) of pNP esters were prepared by dissolving substrates in dimethyl sulfoxide (DMSO). The standard assay mixture (1.0 ml) contained 1.25 mM pNP ester, 50 mM Tris-HCl buffer (pH 8.5), 150 mM NaCl, 0.2% Triton X-100, 2.5% DMSO (final concentration), and the enzyme. The reaction mixture without the enzyme was preincubated for 3 min at 37 C. The reaction was initiated by the addition of the enzyme and was terminated after 5 min by the addition of 2.0 ml of acetone. After the addition of 1.0 ml of 2 M Tris-HCl buffer (pH 8.5), the absorbance was measured at 400 nm. One unit of enzyme activity was defined as the formation of 1 mmol p-nitrophenol per min. An extinction coefficient (14,500 M À1 cm À1 ) of p-nitrophenol at 400 nm was used for unit calculations. The protein concentration was determined by the method of Bradford, 12) with bovine serum albumin as the standard.
pH-activity profile. The effect of pH on enzyme activity was examined using pNP-caprylate as the substrate. The optimum pH for enzyme activity was determined by assaying the enzyme at 37 C in a pH range of 4.0 to 10.0 (50 mM sodium citrate, pH 5.0 to 6.0; 50 mM sodium phosphate, pH 6.0 to 8.0; 50 mM Tris-HCl, pH 7.5 to 9.0; 50 mM CHES-NaOH, pH 9.0 to 10.0; 50 mM CAPS-NaOH, pH 10.0 to 11.0).
Thermal stability. In the thermal stability study, the enzyme was incubated in 20 mM sodium phosphate buffer (pH 7.5) containing 0.5 M NaCl at 4, 20, 30, 40, 50, 60, 70, 75, 80, 85, 90, and 100 C. At 30-min intervals, the remaining activity was examined by the standard assay method with pNP-caprylate as the substrate, except that Tris-HCl buffer (pH 8.5) is replaced by phosphate buffer (pH 7.5).
The thermal stability of YvdO was also analyzed by monitoring the circular dichroism (CD) at 220 nm from 5-105 C. The enzyme was dissolved in 20 mM sodium phosphate buffer (pH 7.5) containing 0.5 M NaCl, and the data were collected with a Jasco spectropolarimeter J-720WI (Jasco, Tokyo) equipped with a thermoelectric temperature controller.
Effects of various reagents on enzyme activity. The effects of various reagents on enzyme activity in phosphate buffer (pH 7.5) were assayed at 37 C using pNP-caprylate as the substrate with the following additives: EDTA, CaCl 2 , MgCl 2 , MnCl 2 , ZnCl 2 , FeCl 3 , CuCl 2 , HgCl 2 , CoCl 2 , NiCl 2 , dipicolinate (DPA), and calcium dipicolinate (Ca-DPA). The additives were added at a final concentration of 1 mM or 5 mM. The activity of the enzyme without any additives was taken to be 100%.
High performance liquid chromatography (HPLC) analysis of the products formed by the YvdO reaction. Phospholipids were suspended in 50 mM sodium phosphate (pH 7.5) buffer containing 0.15 M NaCl and 0.1% Triton X-100, and dispersed in a bath sonicator until the solution became clear. Phospholipids were mixed with the enzyme in 1.0 ml of buffer solution and incubated overnight at 37 C with shaking. After extraction with 3.0 ml of a chloroform-methanol solution (4:1), the chloroform layer was dried under nitrogen gas. The products were resuspended in 100 ml of dimethylformamide (DMF) and mixed with 100 ml of DMF containing 1 mM tetramethylammonium hydroxide and 100 ml of cyclohexane containing 5 mM 9-chloromethylanthracene. 13) 9-Chloromethylanthracene was used as a carboxylic acid-specific labeling reagent, and the labeled fatty acids were detected at 254 nm. The mixture was heated for 30 min at 75 C, followed by cooling, and an aliquot was subjected to HPLC analysis. HPLC analysis was performed with a Kaseisorb LC C8-60-5 column (150 Â 4:6 mm i.d.; Tokyo Chemical Industry, Tokyo). The column was equilibrated with 90% acetonitrile in water at a flow rate of 1 ml/min. The eluate was monitored by UV detection at 254 nm.
Results

Overproduction and purification of recombinant YvdO
To examine the lipolytic activity of YvdO, we cloned and overexpressed the yvdO gene in E. coli. The overproduced recombinant YvdO with a C-terminal hexa-histidine-tag was purified by Ni-chelating column chromatography, as described in ''Materials and Methods.'' The purity of the protein was confiremed by SDS-PAGE (Fig. 1) . The molecular weight (36, 420) of YvdO with the histidine-tag (LEHHHHHH) deduced from the amino acid sequence was in agreement with that obtained by SDS-PAGE (Fig. 1) .
Lipolytic activity and substrate specificity of YvdO
We examined the ability of the purified YvdO to hydrolyze p-nitrophenyl esters of fatty acids, of various chain lengths. YvdO showed the highest activity towards pNP-caprylate, with a specific activity of 50.9 units/mg (Fig. 2) . Lipolytic activity decreased when the enzyme reacted with substrates of shorter or longer chain lengths. YvdO did not hydrolyze pNP-palmitate or pNP-stearate. Sequence analysis B. subtilis YvdO is composed of 320 amino acids and is homologous to the proteins belonging to the patatin family of lipolytic enzymes. Patatins are a group of plant storage glycoproteins that constitute about 40% of the total soluble protein in potato tubers. 14, 15) They show lipid acyl hydrolase activity, 16) which probably serves as a defense tool against plant parasites.
17) Bacterial patatin-like proteins have been found to possess four conserved domains (blocks I to IV). 18) Most of these domains are conserved in YvdO (Fig. 3) . Block I harbors a conserved glycine-rich region, but this block lacks a conserved lysine or arginine residue, which probably consists of an oxyanion hole in known paratin family enzymes, while blocks II to IV are fully conserved. Block II contains the hydrolase motif, G-X-S-X-G, with putative active site serine (G42-X-S44-X-G46). 19) Mutational analysis showed that the S44A mutant completely lost activity towards pNP-caprylate (data not shown), suggesting that Ser44 is a catalytic dyad residue of YvdO, and that the observed hydrolysis of fatty acid esters is due to the activity of YvdO. Block III contains a conserved serine (S155), which is probably an important structural element as a phosphorylation site or as a residue forming hydrogen bonds. Block IV includes the putative active site aspartyl residue (D169) that is the second member of catalytic dyad. The adjacent highly conserved proline residues (in blocks III and IV, P158, and P177) are also retained, and are possibly important to the proper conformation of the protein.
Effects of pH, temperature, and various reagents on enzyme activity
The effect of pH on the enzyme activity was measured between pH 5.0 and 10.0 at 37 C. The pH profile indicates that the optimum pH is 7.5 (Fig. 4) .
In the thermal stability study, we measured the residual activity of YvdO after the enzyme was incubated at various temperatures for 30 min (Fig. 5A) . YvdO activity decreased sharply, to less than 10% of its initial activity, when the enzyme was incubated at over 
80
C (Fig. 5A) . The thermal stability of YvdO was also analyzed by monitoring the CD at 220 nm from 5 to 105 C. The CD signals decreased slightly with the increase in temperature, and decreased greatly when the temperature was over 80 C (Fig. 5B) . These results suggest that there is a clear correlation between loss of activity and disruption of the secondary structure. They indicate that YvdO is stable up to nearly 80 C. The effects of various reagents on enzyme activity were measured as described in ''Materials and Methods.'' As shown in Table 2 , YvdO was not affected by most of divalent cations examined. Because YvdO is a spore coat protein, we examined the effects of Ca 2þ , DPA, and Ca-DPA chelate on YvdO activity. Ca 2þ and DPA are known to accelerate spore germination. Ca 2þ brought about a subtle activation of enzyme activity, whereas DPA and Ca-DPA decreased the activity. These results suggest that YvdO requires no divalent cations for its activity, and is not activated directly by germinationrelated compounds.
HPLC analysis of YvdO reaction products
To obtain information on the physiological function of YvdO, we studied the ability of YvdO to cleave phospholipids. It is known that the acyl-chain length of B. subtilis membrane lipid fatty acids is mainly C14-C18. 20) Hence, phospholipids, whose acyl-chain is 14-C long, were used in this assay. After the enzyme was incubated with phospholipids as described in ''Materials and Methods,'' the digested products were labeled at a carboxyl group with 9-chloromethylanthracene and subjected to HPLC analysis. As shown in Fig. 6B , a peak with a retention time of 29.9 min, identical to that of authentic myristic acid (Fig. 6A) , was detected when 1-myristoyl-2-lyso-sn-glycero-3-phosphocholine was treated with YvdO. There was no significant peak corresponding to myristic acid in the hydrolysate of 1,2-dimyristoly-sn-glycero-3-phosphocholine treated with YvdO (Fig. 6C ). This suggests that YvdO cleaved the ester linkage at the sn-1 position of the lysophospholipid. Hence, we concluded that YvdO has lysophospholipase activity.
Discussion
Recently, lysophospholipids were demonstrated to act as signal molecules in eucaryotes, and many studies have been done on enzymes catalyzing lysophospholipid biosynthesis and metabolism, such as lysophospholipase D and phospholipase A2, 21, 22) but there have been only a few reports on bacterial lysophospholipases, 23, 24) and the physiological roles remain unclear. Some patatin family lipases are known to exhibit lysophospholipase activity. The present results indicate that B. subtilis YvdO has lysophospholipase activity: it hydrolyzes 1-myristoyl-2-lyso-sn-glycero-3-phosphocholine.
YvdO showed a unique property, that its enzymatic activity was inhibited by Mg 2þ (Table 2 ). It is known that there are certain lipases or esterases whose activities are enhanced by Mg 2þ , 25, 26) but there have been hardly any reports on Mg 2þ -specific inhibition of lipase or esterase. Inhibition of YvdO might be due to a critical change near its active site, which is induced by Mg plays an important role in the regulation of the enzyme in spores. YvdO, a component of the spore coat, showed high thermostability (Fig. 5) . The spore coat contributes to the resistance of the spore to heat, ultraviolet, lytic enzymes, and solvents. 27, 28) For example, deletion of the cotA gene is known to cause a loss of resistance to ultraviolet. 29) The thermostability of YvdO is an understandable property for a spore coat protein. Little and Driks reported that deletion of the yvdO gene had no influence on the resistance of spores against lysozyme, and that the spores were indistinguishable from wild- type spores by light microscopy. 11) Moreover, the B. subtilis ÁyvdO mutant showed no apparent difference from the wild-type strain (168) in terms of spore heat resistance (data not shown). YvdO probably does not relate directly to spore stability, unlike the CotA protein.
B. subtilis expresses multiple lipases. LipA 30) is an esterase hydrolyzing triacylglycerol, and LipB 31) and LipC 8, 9) are phospholipases that hydrolyze diacyl phospholipids. LipC is indispensable to L-alanine-induced spore germination, though the detailed molecular mechanism remains unclear. 8, 9) B. subtilis produces at least three other lipases, BSE, 32) estBB1, 33) and EH37 lipase, 34) that localize in vegetative cells or are secreted to the culture medium. BSE belongs to the family of serine enzymes, and estBB1 is a type-B carboxyesterase. EH37 lipase is a thermostable alkaline lipase. These three lipases hydrolyze p-nitrophenyl ester and triacylglycerol, prefering fatty acid esters with short or middle acyl chains, as YvdO does. Differently from other B. subtilis lipases and esterases, YvdO showed lysophospholipase activity. As described above, Mg þ2 has a significant inhibitory effect only on YvdO. YvdO was not activated directly by germination-activating compounds, such as Ca 2þ , DPA, or Ca-DPA. Deletion of the yvdO gene had no influence on sporulation. The spores obtained from the ÁyvdO mutant cells were the same as those obtained from strain 168 in L-alanine-or AGFK (asparagine, glucose, fructose, and K þ ) mixture-induced germination and spore outgrowth after L-alanineinduced germination (data not shown). These results suggest that YvdO does not contribute to sporulation, germination, or spore outgrowth.
At present, the physiological role of YvdO remains unclear. Patatin-like proteins are present in many bacteria, 18) but only a few physiological roles have been suggested for them. Moraleda-Muñoz and Shimkets reported that Myxococcus xanthus has a gene encoding a patatin-like protein that is not expressed during growth but is after starvation, and that gene disruption causes certain changes in the timing of sporulation and the morphogenesis of fruiting bodies. 35) Because YvdO homologs are conserved among some of spore-forming microorganisms (Fig. 3) , it is possible that YvdO relates weakly to spore morphogenesis, but this subtle influence cannot be observed by light microscopy. Mordue et al. demonstrated that a patatin-like protein, TgPL1, is essential to the survival and replication of Toxoplasma gondii in activated (but not in naive) macrophages. 36) Because Bacillus spores can germinate efficiently in macrophages, [37] [38] [39] [40] [41] [42] it is worthwhile to exame whether YvdO is required for germination in macrophages. Since B. subtilis is one of the most well-studied bacteria, studies of YvdO should be useful to understand the patatin-like lysophospholipase of prokaryotes. Retention time (min) Fig. 6 . HPLC Analysis of the YvdO Reaction Product. Chromatogram of authentic myristic acid (A) and the products formed during the YvdO reaction with 1-myristoyl-2-lyso-snglycero-3-phosphocholine (B) and with 1,2-dimyristoly-sn-glycero-3-phosphocholine (C) as substrate. B and C, Bold and thin lines indicate reaction products with and without YvdO respectively.
